Regions of acute and chronic hypoxia exist within solid tumors and can lead to increased rates of mutagenesis and/or altered DNA damage and repair (DDR) protein expression. Base excision repair (BER) is responsible for resolving small, non-helix distorting lesions from the genome that potentially cause mutations by mispairing or promoting DNA breaks during replication. Germline and somatic mutations in BER genes, such as MutY Homolog Implications: Aberrant BER is a contributing factor for the observed genetic instability in hypoxic tumor cells.
Introduction
Hypoxia is a common characteristic of solid tumors and is associated with decreased diseasefree survival for many cancers including colorectal cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) . Hypoxic tumor cells exist in colorectal cancer and the level of hypoxia is prognostic for clinical outcome (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Hypoxia may give rise to genetic instability by down-regulating multiple DNA repair pathways including the DNA mismatch repair (MMR) and homologous recombination (HR) pathways (20) (21) (22) (23) (24) (25) (26) (27) . For example, Chan et al. demonstrated an alternate mechanism of translational inhibition of the HR proteins RAD51 and BRCA2 (23) . Suppression of mRNA translation under hypoxia is controlled through at least two distinct pathways; first by PERK-mediated phosphorylation of eIF2α which is required for the recruitment of aminoacylated tRNA, and second by disruption of the mRNA cap-binding complex, eIF4F (28) . These changes can lead to altered sensitivity to chemotherapy and drive genetic instability.
Reactive oxygen species (ROS) generated either endogenously (during normal cellular physiology) or exogenously (by ionizing radiation or chemical carcinogens) can cause a wide range of DNA damage that must be properly repaired to prevent genetic instability. ROS leads to base lesion 8-oxo-2'-deoxyguanosine (8-oxo-dG) , an oxidative derivative of guanosine (29, 30) . DNA base excision repair (BER) corrects base lesions arising due to oxidative, alkylation, deamination and depurinatiation/depyrimidination damage (31) (32) (33) (34) . BER encompasses two general subcategories; short-patch BER (involving repair of a single nucleotide) and long-patch BER (producing a repair tract of at least two nucleotides). Repair of base lesions (e.g. 8-oxodG) are catalyzed by the base excision repair (BER) proteins MYH, OGG1, MTH1, APE1, PCNA, POLD, FEN1, DNA POLB and RPA (35, 36) . Additionally, the MMR pathway can provide additional protection by removing 8-oxo-dG mismatches from DNA (37) (38) (39) . Biallelic germ-line mutations in the MYH gene are associated with familial colorectal cancer (40, 41) . To date, more than eighty mutations have been detected in this gene within MYHassociated polyposis (MAP) patients (42) . Our laboratory has previously reported defective in vitro repair activity of mutant MYH proteins that are associated with familial colorectal cancer (43) . The expression and function of the base excision repair pathway under hypoxic conditions has not been previously studied. In the present work we investigated the expression and function of BER proteins in human colorectal cancer cell lines under conditions of chronic hypoxic stress similar to conditions observed distant from the blood vasculature in tumors. Our findings indicate that both the expression and function of many BER proteins is down-regulated by hypoxia with potential implications for genetic instability and malignant progression.
Materials and Methods

Cell culture and Hypoxic treatments
The RKO human colorectal cancer cell line was purchased from the American Type Culture Collection (ATCC) and grown in αMEM media supplemented with 10% fetal calf serum (FCS).
The paired HCT116 human colorectal cancer cell lines (p53
-/-) (44), were a gift from Dr.
Bert Vogelstein (Johns Hopkins University) and were grown in McCoy's 5A media supplemented with 10% FCS. All cell lines were authenticated using the STR AmpFISTR
Identifiler PCR Amplification Kit (Applied Biosystems, The Centre for Applied Genomics, The
Hospital for Sick Children). Logarithmically-growing cells were exposed to 0.2% O 2 with 5% CO 2 and balance N 2 using an Invivo2 400 Hypoxic Workstation (Ruskinn). The chronic hypoxic gassing condition (72 h with 0.2% O 2 ) was based on previous studies in which the translation of DNA repair genes was down-regulated by hypoxia (23, 45 survival assays); (2) no effect on S-phase fraction nor cell proliferation; and (3) maintaining the inhibitory effect of hypoxia on protein translation (see Supplemental Figure 1 ).
Western blot analysis and siRNA treatments
Protein expression was determined by Western blot analysis based on a previously-described protocol (23) . 30 μg whole cell lysate was separated on 10% polyacrylamide gels and transferred onto nitrocellulose membrane. Membranes were incubated with the appropriate blocking buffer and primary/secondary antibodies. Imaging and densitometry was carried out using an Odyssey Infrared Imaging System (LI-COR Bioscience). 
RNA isolation, reverse transcription and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using the RNeasy isolation kit (Qiagen). Sample RNA or human reference RNA (Stratagene) was treated with DNase I (Roche Diagnostics). Reverse transcription was performed using the TaqMan Reverse Transcription Kit (Applied Biosystems). (Applied Biosystems). The fluorescence intensity threshold was set at 0.2 and the reaction cycle-threshold was obtained. Analysis was performed using the relative standard curve quantification method.
Polysomal fractionation and analysis
Polysomal fractionation and analysis were performed as described previously (46) . Briefly, cell lysates were layered on a 10 ml continuous sucrose gradient. After centrifugation, the optical density at 254 nm (derived primarily from rRNA) was measured continuously as a function of gradient depth. Following background subtractions, overall translation efficiency was estimated by calculating the fractional area under the curve corresponding to two or more ribosomes (polysomes).
Glycosylase Activity Assays
To assess MYH activity a 5'-cy5-labeled 39-mer oligonucleotide containing adenine (A) at the The glycosylase assay was performed as previously described (43) . Briefly, 100 fmol labeled duplex was incubated with 100 μg whole cell extract at 37 o C for 1 h in 10 µL buffer containing 50 mmol/L EDTA (pH 8), 500 µM ZnCl 2 , 250 mmol/L HEPES (pH 7) and 1.5% glycerol. The reaction was stopped by adding 10 µL denaturing PAGE gel loading buffer containing 10 mmol/L EDTA (pH 8), 98% formamide, 10 mg/mL blue dextran and 200 mmol/L NaOH followed by heating at 90 o C for 30 min. Cleavage products were separated using a 14% denaturing PAGE gel running at 1400 V and 100 W for 1 h.
Clonogenic assays
Clonogenic assays were performed to determine cell viability following various gas and drug treatments as previously described (47) . To determine clonogenic survival following MMS, H 2 O 2 or paclitaxel treatment, RKO cells were gassed with 0.2% O 2 for 72 h and then re-oxygenated and exposed to varying drug doses for 1 h before being re-plated for colony formation. All the drug treatment clonogenic survival data was normalized to the cell kill following hypoxic exposure, alone.
HPLC detection of 8-oxo-2'-deoxyguanosine
Oxidation of 2'-deoxyguanosine (dG) to 8-oxo-2'-deoxyguanosine (8-oxo-dG) was quantified using an isocratic Series 200 HPLC system (PerkinElmer Instruments) equipped with a 5 μm 
Results
Expression of BER genes under chronic hypoxia
In the current study, we compared the effect of prolonged hypoxia on the expression of the BER genes in RKO cells. Western blotting confirmed that the expression of many BER repair proteins including OGG1, MYH, DNA POLB, APE1, RPA and PCNA were significantly down-regulated in RKO cells after exposure to 72 h x 0.2% O 2 ( Figure 1) . A similar hypoxic exposure to paired HCT116 cells, expressing or lacking p53, confirmed down-regulation of many BER proteins and suggested this was a p53-independent effect. However, real time PCR showed no significant changes in the mRNA levels of some of these BER genes in RKO cells (Supplemental Figure   1 ).
To test the effect of hypoxia on mRNA translation in RKO cells, polysomal fractionation analysis was performed to determine the association of mRNAs with ribosomes. In this assay, actively translated mRNAs associated with two or more ribosomes (polysomes) are separated from inefficiently translated mRNAs bound to one (monosome) or no ribosomes by sedimentation through a sucrose gradient. When recording the optical density as a function of gradient depth (Figure 2A) , the fractional polysome area under the curve is a direct reflection of de novo protein synthesis. Exposure to hypoxic conditions resulted in a substantial inhibition of mRNA translation ( Figure 2B ), indicating that under these conditions the translation of the majority of gene transcripts is severely inhibited. We also analyzed the mRNA translation of specific BER genes, by determining their mRNA distribution within the polysome profiles ( Figure 2C ). After 72 h at 0.2% O 2 there is a decrease in the number of ribosomes per transcript, especially in transcripts containing >7 ribosomes, indicating decreased translation of these mRNAs.
Functional BER is down-regulated by chronic hypoxia
The functional consequences of the decreased BER protein expression were determined using a MYH-specific glycosylase assay. Whole cell extracts from aerobic and hypoxic cells were assayed for MYH glycosylase activity on a 39-mer synthetic duplex DNA substrate containing an A:GO (adenine:hydroxyguanine) mismatch. Functional MYH will excise A opposite to GO, resulting in 2 cleavage products which are separated on a denaturing PAGE gel (Supplemental Figure 1A) . The slower migrating product is a 20-mer aldehyde generated by cleavage of the 3' phosphodiester bond (β-elimination) by NaOH treatment. Similarly, the faster migrating product is a 20-mer product generated by cleavage of both phosphodiester bonds (β,δ-elimination) (49) .
Separation through a denaturing PAGE gel will cleave the hydrogen bonds holding the double stranded oliognucleotide together and subsequently only the Cy5-labeled 20-mer products will be detectable. Similar to the bacterial homologue MutY and recombinant MYH, whole cell extract prepared from aerobic RKO cells (72 h x 21% O 2 ) generated two cleavage products as expected, while whole cell extract from hypoxic cells (72 h x 0.2% O 2 ) also produced the same products but to a much lesser extent ( Figure 3A) . These finding were validated using siRNA to knock down MYH. Depletion of both mRNA and protein was achieved ( Figure 3B) 
in decreased glycosylase activity ( Figure 3C) . A similar assay to test OGG1-specific glycosylase activity (Supplemental Figure 1B) 
Cell survival is compromised in BER-deficient hypoxic cells
To further test for a functional cellular defect in BER, cells were exposed to hypoxia, treated with H 2 O 2 , methyl methanesulfonate (MMS) or paclitaxel and then assessed for clonogenic survival. H 2 O 2 causes oxidative DNA damage and MMS is an alykylating agent. Both of these agents cause damage that is selectively toxic to BER-deficient cells (50) . In keeping with the observed effects of hypoxia on the glycosylase assay, cells pre-treated with chronic hypoxia showed significantly increased sensitivity to both MMS ( Figure 6A ) and H 2 O 2 ( Figure 6B ). As a control, paclitaxel, a chemotherapeutic agent that interferes with microtubules and does not cause DNA damage, had similar toxicity under hypoxic and aerobic conditions ( Figure 6C ). We conclude that BER is functionally down-regulated by chronic hypoxia. These results are supported by siRNA knockdown of DNA POLB leading to increased sensitivity to MMS ( Figure 6D ).
Additionally, combining hypoxia with siRNA knockdown of DNA POLB does not further sensitize RKO cells to MMS compared to siRNA alone ( Figure 7) .
Discussion
In the current study, we provide the first report of hypoxia-mediated suppression of BER protein expression and function in colorectal cancer. The decreased protein expression appears to be the result of decreased protein synthesis as overall mRNA translation is inhibited while the levels of the BER mRNA transcripts are unchanged. Hypoxia-mediated changes in mRNA translation have previously been reported and can dramatically alter individual gene expression (51) . Under hypoxia, this suppression is controlled through at least two distinct pathways; first by PERK-mediated phosphorylation of eIF2α, which is required for the recruitment of aminoacylated tRNA, and second by disruption of the mRNA cap-binding complex, eIF4F (28) . (40, 41, 53) . Previously our laboratory has characterized the functional activity of mutant MYH proteins known to be associated with increased clinical risk of familial colorectal cancer (43) . It was determined that several missense and frameshift mutations were dysfunctional for DNA binding and glycosylase activity potentially leading to carcinogenesis. Furthermore, hypoxia has been documented in colorectal tissues ranging from normal mucosa to benign adenoma to carcinomas (54) (55) (56) (57) . It is conceivable that in colorectal cells, with or without a BER mutation, a hypoxic microenvironment could lead to further reduction in functional protein expression driving genetic instability, carcinogenesis and tumor progression.
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